Whole genome duplications (WGDs) are found in a variety of tumors and are associated with chromosomal instability (CIN) and poor prognosis [1, 2] . When induced experimentally, through cytokinesis failure, polyploid cells generate tumors [3] . Cytokinesis failure results in the accumulation of double DNA content, but also of cytoplasmic organelles, such as centrosomes, which are the major microtubule (MT) organizing centers of animal cells. Importantly, even if there is a correlation between polyploidy and CIN [4], the underlying mechanisms generating error-prone mitosis in cells with extra DNA and extra centrosomes are not known. When considering polyploid mitosis, it is essential to take into account the increase in MT nucleation due to the presence of extra centrosomes and extra DNA. The presence of supernumerary centrosomes in a cell, centrosome amplification [5], is associated with mitotic spindle multipolarity and CIN [ [6] [7] [8] [9] . Importantly, additional MTs can be nucleated from the chromatin (chromatin mediated pathway-CMP) or from pre-existing MTs-through the Augmin pathway. We hypothesized that the increase in DNA and centrosome content in a cell could lead to an increased MT mass, which might account for abnormal mitosis described in polyploid cells [4, 10, 11, 12] . Using genetics, live imaging and modeling approaches, we investigated the mechanisms establishing multipolarity in vivo in polyploid cells. We found that MT nucleation from the centrosomes is the major contributor to multipolarity, while other pathways seem to play minor roles. Unexpectedly, we found that even if Ncd/HSET, plays an essential role in promoting centrosome clustering in early mitosis, the increase in chromosome mass associated with cytokinesis failure functions as a barrier to centrosome clustering into two main poles. Our work provides a mechanistic link between polyploidy and the generation of CIN.
Results and Discussion

Polyploid mitosis are multipolar
In order to characterize cell division in polyploid neural stem cells (NSCs) of Drosophila larval brain, also called neuroblasts (NBs) we used genetic conditions that induce cytokinesis failure. As described in [13] , the hypomorphic mutation in the spaghetti squash (sqh) gene, which encodes the regulatory light chain of myosin II [14] results in the generation of polyploid NBs that divide in a multipolar way, in contrast to diploid control (Ctrl) NBs ( Figure 1A-B ). Moreover, to precisely control the generation of polyploidy in a different lossof-function context, we used the knock down (KD) of Pavarotti (Pav), the human homologue of MKLP1 [15] , through inducible RNA interference (RNAi) (see methods). As we observed in sqh mut NBs [13] , analysis of Pav KD third instar brains revealed the presence of large NBs containing large amounts of DNA, when compared to diploid controls (Ctrl) (Supplementary Figure 1A) . Interestingly, Pav KD NBs displayed different sizes and contained increased centrosome numbers (Supplementary Figure 1B) , revealing different degrees of polyploidy.
To follow mitosis by time-lapse microscopy, we used fly lines expressing transgenes encoding a-Tubulin tagged with GFP (Tubulin-GFP) and Histone2B tagged with RFP (Histone-RFP) to monitor spindle microtubules (MTs) and chromosomes, respectively. Ctrl diploid NBs divided asymmetrically, as described previously [16, 17] . As cells entered mitosis, centrosomes formed two robust MT asters, assembled a bipolar spindle within just a few minutes and divided in a bipolar manner to generate two daughter cells ( Figure 1A , 1D and Video 1). In sqh mut or Pav KD Careful analysis of polyploid NB divisions confirmed our initial observations. As described in sqh mut NBs [13] , Pav KD NB presented several nuclei that asynchronously entered in mitosis. As asynchronous NEBD occurred, extra centrosomes could be seen clustering.
During this process, multiple centrosomes gathered in more than two groups, while chromosomes condensed and assembled in a structure frequently centered within the cytoplasm. These multipolar spindles were maintained in a multipolar configuration for a certain period of time before undergoing multipolar anaphase, generating several nuclei ( Figure   1C -D and Movie 3). As we decided to use Pav KD to induce polyploidy, we will refer to Pav KD NBs simply as polyploid NBs.
Next, we characterized different parameters of polyploid mitosis. First, we analyzed mitotic duration in polyploid NBs, here defined as the time elapsed between NEBD and anaphase onset. We found that the large majority of polyploid cells took more time to divide than diploid controls (55.12±28.07 min in polyploid vs 7.37±0.53 min in Ctrl, p<0,0001, Figure   1E , Supplementary Table 1 ). Interestingly, this increased mitotic duration did not necessarily correlate with the degree of polyploidy (as inferred by cell size). Indeed, small polyploid cells could take longer than larger cells to divide (Supplementary Figure 1C -D and Video 4). The increase in mitotic timing is a known feature of cells with extra centrosomes [7, 18] , where it reflects a delay in turning off the spindle assembly checkpoint (SAC), which monitors kinetochore-MT attachments [19] . These observations suggest that in polyploid cells achieving accurate kinetochore-MT attachment takes longer than in diploid cells, independently of the degree of polyploidy.
Second, we wanted to assess the outcome of mitosis. While canonical cell division normally involves the separation of one nucleus in two, polyploid mitosis frequently began with -and generated -multiple nuclei. To quantitatively assess the outcome of mitosis, we defined a parameter that we called nuclear index (NI), calculated as the ratio between the number of nuclei formed at anaphase (see methods for detailed analysis) over the number of nuclei at mitotic entry (Supplementary Figure 1E ). Cells were categorized in three groups: (a) NI inferior or equal to 1; (b) NI between 1 and 2 and (c) NI superior or equal to 2 (Supplementary Figure   1E -F). Ctrl diploid NBs always presented a NI of 2 (2 post-mitotic nuclei/1 pre-mitotic nucleus = 2). It is important to note that a nuclear index of 2 can be obtained in any condition where the number of post-mitotic nuclei is double the number of pre-mitotic nuclei. The vast majority of polyploid NBs presented a NI higher than 1 (Categories (b) + (c), Supplementary Figure 1F ), indicating that at each cycle, the number of nuclei generated at anaphase is higher than the number of nuclei at mitotic entry. Importantly, almost half of the NBs displayed a NI higher or equal to 2 (Cat. (c), Supplementary Figure 1F ), which resulted from more than the doubling of the number of nuclei at mitotic exit, albeit not arisen from one nucleus dividing into two.
Interestingly, a positive correlation between the number of nuclei at mitotic exit and cell area was noticed ( Figure 1F ). Very large cells (>6000 µm 2 ), which contained more centrosomes and chromosomes than smaller polyploid cells, always generated a higher number of nuclei at mitotic exit when compared to the number of nuclei at mitotic entry (data not shown). These results suggest that the degree of polyploidy impacts the outcome of division, with more and more nuclei generated at each cycle.
Altogether, our results show that polyploidy induced through cytokinesis failure in vivo, is associated with an inherent tendency to lose bipolarity. Further, they show that larger cells, which contain more DNA and more centrosomes, generate more nuclei at mitotic exit than smaller cells.
Investigating the contribution of MT nucleation pathways to multipolar mitosis in polyploid NBs
At least three pathways contribute to MT nucleation during mitosis in animal cells ( Figure 2A ) [20, 21] . We hypothesized that the multipolar outcome typical of polyploid NBs mitosis could result from an excess of MTs nucleated from extra centrosomes, chromosomes and pre-existing MTs. We tested their relative contribution by decreasing the expression of key players in each pathway individually.
First, we interfered with the Augmin pathway, which promotes branched MT nucleation from pre-existing MTs [22, 23] . We used a previously validated RNAi system to knock down (KD) the Dgt2 subunit of the Augmin complex, which was shown to decrease Augmin activity (referred to as Aug KD ) [20, 23] . Diploid, Aug KD NBs did not display any defect in cell division ( Supplementary Figure 2A However, in certain NBs, we noticed the presence of mini-spindles ( Figure 2B , time 46.00min -white arrows and depicted in scheme above). This suggests that, in polyploid cells, Aug contributes to the assembly of a single spindle structure, even if multipolar ( Figure 2B ). Mitotic duration was also substantially increased in polyploid, Aug KD NBs (71.30±24.08 min in polyploid, Aug KD vs 7.38±3.07 min in diploid, Aug KD , p<0,0001), even when compared to polyploid NBs (55.12±28.07 min, p<0,0075) ( Figure 2D and Supplementary Table 1 ). These results show that Aug depletion in polyploid cells delays mitotic progression. The mitotic delay induced by Aug KD is likely due to its role in influencing MT directionality [24] , which might impact the overall organization of the spindle and thus, the proper capture of kinetochores and SAC satisfaction.
Next, we interfered with the chromatin mediated pathway (CMP). We depleted Mars, the homologue of hepatoma up-regulated protein (Hurp), a chromatin-associated spindle assembly factor, using tools previously used in Drosophila [20, 25] . A reduction in CMP did not reduce multipolarity, as polyploid, Mars KD NBs always divided in a multipolar fashion ( Figure Interestingly, while the correlation coefficient r was lower in polyploid, Aug KD and polyploid, Mars KD NBs, when compared to polyploid NBs, we still observed a positive correlation between the number of nuclei at anaphase and NB area in these genetic combinations ( Figure 2E and 2I, p<0,0001 for both). Importantly, Mars depletion, but not Aug, resulted in a lower regression slope (p=0,0002) indicative of a reduction in the number of nuclei generated at anaphase for a given cell size and so polyploid level ( Figure 2I and Supplementary   Table 1 ).
These results suggest that even if neither a reduction in the Augmin or CM pathways can rescue the multipolarity typical of polyploid NBs, the reduction in the CMP seems to limit the number of daughter nuclei, suggesting a reduction in the extend of multipolarity. Further, these pathways seem to play important roles in maintaining the extra DNA and extra centrosomes of polyploid NBs in a unique (even if multipolar) structure.
Centrosomes greatly contribute to multipolarity in polyploid NBs
We then tested the contribution of the centrosomal pathway to multipolar spindle assembly. The centrosome is the major MT organizing center of animal cells [26, 27] . The presence of centrosomes, albeit non-essential for spindle assembly in Drosophila NBs, ensures faster MT nucleation and spindle robustness [28, 29] . To reduce centrosome-dependent MTnucleation, we used a mutation in the sas-4 gene (CPAP in humans), which encodes an essential centriole duplication gene [28, 30] . Surprisingly, small to medium size polyploid, sas4 mut NBs started by assembling an amorphous MT-structure around the DNA, which evolved into an almost perfect bipolar spindle, albeit larger than in diploid, sas4 mut NBs ( Figure 3A , 3C, Supplementary Figure 2C and Videos 9 and 10). The ability of centrosome loss to sustain bipolar spindle assembly was striking, but limited by cell size, as large polyploid, sas4 mut NBs divided in a multipolar manner even in the absence of centrosomes or when centrosome number was highly reduced (Figure 3B-C and Video 11). Mitotic timing was decreased in polyploid, sas4 mut NBs when compared to polyploid NBs (38.19±14.41 min in polyploid, sas4 mut vs 55.12 ± 28.07 min in polyploid NBs, p=0,0073) ( Figure 3D and Supplementary Table 1 ), supporting the view that increased MT nucleation found in polyploid NBs delays inactivation of the SAC.
Consistent with an increase in bipolarity, the NI was below 2 in the large majority of polyploid, sas4 mut NBs and significantly decreased when compared to polyploid NBs (1.24± 0.42 vs 1.86±0.64, p<0.0001) (Supplementary Figure 1F and Supplementary Table 1 ). Indeed, this was the only condition where the NI was significantly reduced. It is important to mention that the number of nuclei at anaphase still correlated with cell area, though the regression slope was decreased when compared to polyploid cells ( Figure 3E and Supplementary Table 1 , p<0,0001), since more than two nuclei were only generated in medium-large size polyploid, sas4 mut NBs.
We concluded that MT nucleation from the centrosomes greatly contributes to the assembly of multipolar spindles in polyploid NBs. However, in large NBs, where chromosome number is increased, mitotic spindles cannot resolve into a bipolar array even in the absence of centrosomes or with reduced centrosome numbers.
Ncd/HSET is required, but is not sufficient to fully cluster spindle poles in polyploid NBs
Extra centrosomes can be generated in diploid NBs by Plk4/Sak over-expression (OE) [7] . In SakOE NBs as in other cells containing extra centrosomes, the minus-end directed kinesin Ncd (Drosophila ortholog of HSET) plays an essential role in promoting centrosome clustering [18, 31] . We tested whether Ncd was also contributing to the initial clustering observed in polyploid NBs. We induced polyploidy in ncd mutants (ncd mut ) [32] and followed mitosis by time-lapse microscopy. We readily noticed that, after NEBD, in polyploid, ncd mut NBs extra MT-nucleating sites did not cluster. Instead, they formed individual and independent poles, leading to the formation of a network of multiple mini-spindles all over the cell, which, interestingly, remained connected to each other (time 12.00 to 38.00 min and as depicted in schemes above, Figure 3F and Video 12). As cells progressed through mitosis, this multipolar status was maintained, and nuclear divisions were always multipolar, while mitosis was always bipolar in diploid, ncd mut NBs ( Figure 3G , Supplementary Figure 2D and Video 13). Although mitotic duration was increased in polyploid, ncd mut NBs compared to diploid controls (47.36±23.16 min in polyploid, ncd mut vs 10.32±1.23 min in ncd mut , p<0,0001), it was similar to polyploid NBs ( Figure 3H and Supplementary Table 1 ), suggesting that failure in the initial step of centrosome clustering does not perturb MT nucleation or delay mitotic progression. The vast majority of polyploid, ncd mut NBs presented a NI superior to 1 (Supplementary Figure 1F ), confirming the increase in multipolarity.
Importantly, in polyploid, ncd mut the regression slope between the number of nuclei generated at anaphase and cell area was quite high, even significantly higher than in polyploid NBs ( Figure 3I , Supplementary Table 1 , p<0,0001), suggesting that interfering with the initial centrosome clustering conditions the multipolarity outcome observed in polyploid, ncd mut .
To observe a link between the impact of MT nucleation pathways and genetic stability in polyploid cells, we quantified the percentage of NBs that generated micronuclei (MN) in each mutant background. MN are normally formed through chromosome missegregation and are prone to chromotripsis and genetic instability [33] . MN were identified based on their size as any nucleus smaller than the average diploid nucleus in Ctrl NBs. Importantly, while the combination of polyploidy with ncd mut or Mars KD resulted in an increase in the frequency of MN generated at anaphase, in polyploid, sas4 mut this frequency was reduced (Supplementary Table 1 ). We concluded that the absence of centrosomes in polyploid NBs represents an improvement not only for the assembly of bipolar spindles, but also for minimizing defects in chromosome attachment and segregation.
Abnormal DNA content and shape inhibit spindle pole clustering
Since ncd mut aggravated the multipolarity of polyploid mitosis, we hypothesized that Ncd could play an important role in setting up centrosome clustering during the initial stages of polyploid mitosis, thus promoting a reduction in the number of spindle poles (albeit insufficient to establish bipolarity). To test this hypothesis, we decided to characterize centrosomes in polyploid mitotic NBs. First, we performed a fixed analysis of late prometaphase NBs using centriole and PCM markers and second, we carried out time-lapse microscopy of brains expressing Histone-RFP and the centrosome component Spd-2 tagged with GFP (Spd2-GFP). We found that, in polyploid cells, several centrosomes could be clustered around different poles that surrounded highly condensed chromosomes ( Figure 4A ), which was never seen in diploid NBs with extra centrosomes [7] . Additionally, in time lapse movies, we observed dynamic initial clustering at NEBD that gathered centrosomes together in more than two poles, which remained isolated and separated from each other by the condensed chromosomes (Supplementary Figure 3A So far, our results show that an increase in DNA and MT nucleation capacity is incompatible with the assembly of a bipolar mitotic spindle in polyploid cells. The presence of multiple centrosomes likely fuels an important fraction of the excessive MT nucleation. While initial centrosome clustering is achieved through the activity of Ncd, this activity is not sufficient to gather all centrosomes into two main spindle poles. Taken together, our results suggest that the increased DNA content of polyploid NBs might block the completion of spindle pole clustering, preventing the formation of a bipolar mitotic spindle. We tested whether DNA could function as a physical barrier that could maintain multiple spindle poles away from each other. Indeed, it has been shown that Ncd requires a minimal distance to promote clustering through cross-linking of antiparallel MTs [31] . We first established an in-silico approach. We designed simulations using Cyto-sim, a cytoskeleton-dedicated agent-based software [34] . We configured a minimalist system of spindle formation composed of a fixed centrosome number, microtubules, Ncd-like motors and DNA plates displaying different morphologies (based on DNA configurations seen in polyploid NBs, in vivo). While centrosomes clustered into two main poles when the DNA shape corresponded to a classical metaphase plate, simulations where the DNA shape was more complex generated, in most of the cases, a multipolar outcome ( Figure 4B -C and Videos [16] [17] [18] [19] . These observations suggest that DNA shape impacts multipolarity, in silico. To strengthen our hypothesis, we then tried to decrease DNA content of polyploid NBs in vivo using DNAse treatment and laser ablation. Unfortunately, neither of these treatments was useful as they were highly toxic for the brain (data not shown). To overcome this problem, we designed an inverse strategy and searched for diploid conditions where DNA could inhibit centrosome clustering. While, extra-centrosomes in diploid SakOE NBs efficiently cluster to form a bipolar spindle, in combination with mutations in the spindle checkpoint mad2 gene, a fraction of NBs divide multipolarly [18, 7, 35] . Careful analysis of mitotic SakOE, mad2 mut NBs by time-lapse microscopy revealed that in certain diploid cells, chromosomes can block centrosome clustering ( Figure 4D -E -white arrows and as depicted in schemes above -and Movies 20-21). However, if the DNA is repositioned toward the metaphase plate, a bipolar spindle is assembled. (Figure 4E and Movie 20) . In other NBs, centrosomes were maintained in an un-clustered status until anaphase ( Figure 4D, Movie 21) .
These observations strengthen our hypothesis and support a model in which chromosomes act as a barrier to spindle pole clustering.
Discussion
Here, we have investigated the contribution of different MT nucleation pathways to multipolar division of polyploid cells. We found that while the chromatin-mediated and Augmin pathways contribute to the establishment of a single mitotic spindle, even if multipolar, the MTs generated by these pathways do not seem to prevent the establishment of bipolarity.
In contrast, centrosomes seem to be major contributors to spindle multipolarity, since centrosome removal rescued bipolar spindle assembly at least in small-medium sized polyploid NBs. Our data is consistent with a model where the initial centrosome clustering, occurring during prometaphase, is achieved through the activity of Ncd/Hset ( Figure 4F ). Importantly, in diploid NBs that contain extra centrosomes, Ncd is essential and sufficient to sustain bipolar spindle assembly [7] . Our results suggest that the accumulation of excessive DNA -which is then found in the form of condensed mitotic chromosomes -acts as a physical barrier to the maturation of complete spindle pole clustering, maintaining multiple MT-organizing centers (MTOCs) distant from each other. It has been shown that DNA shape and size can influence the morphology of the mitotic spindle assembled on chromatin coated beads [36] . Our work suggests that a similar phenomenon might be taking place in polyploid cells in vivo and that the presence of increased condensed DNA contributes to the maintenance of multipolarity.
Our work provides a framework to understand the generation of CIN in cells that have failed cytokinesis and, more importantly, how aneuploid karyotypes can be established after WGDs. Importantly, cytokinesis failure might also cause other type of pathologies. Mutations in MKLP1, the human Pav homolog have been identified in human populations suffering of congenial dysenrythropoetic anemia type III (CDA III), where erythroblasts show features such as multinucleation and nuclei size variation [37] . It will be important to understand whether tissue specific characteristics allow these cells to be maintained and how they contribute to anemia in this particular case. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Flies were raised in plastic vials or bottles containing homemade Drosophila culture medium (0,75% agar, 3,5% organic wheat flour, 5% yeast, 5,5% sugar, 2,5% nipagin, 1% penicillinstreptomycin and 0,4% propanic acid). Fly stocks were conserved at 18°C. For temporal activation of RNAi, crosses were kept at 18°C and switched to 29°C for 24 to 48 hours. Other experimental crosses were maintained at 25°C.
METHOD DETAILS
Live-imaging:
Mid third-instar larval (L3) brains were dissected in Schneider's Drosophila medium supplemented with 10% heat-inactivated fetal bovine serum, Penicillin (100 units.ml−1) and Streptomycin (100 µg.ml−1). Several brains were placed on a glass bottom dish with near 10 µl of medium, covered with a permeable membrane and sealed around the membrane borders with oil 10 S Voltalef.
Immunofluorescence on squashed brains:
L3 brains were dissected in PBS and fixed for 20 to 40 min at room temperature (RT) in 4% formaldehyde diluted in PBS. After fixation, brains were transferred in a drop of 45% acetic acid on a coverslip for 15 seconds and then immediately moved in a drop of 60% acetic acid.
Acetic acid was diluted in water. A slide was then placed on top of the coverslip and brains were squashed with a pencil until the tissue appeared transparent. The slide was rapidly flashfrozen in liquid nitrogen before the removal of the coverslip using a sharp blade. Slides were incubated 7 minutes in -20°C methanol, washed and permeabilized 3 times for 10 min in PBST 0,1% solution (PBS, 0,1% Triton X-100 and 0,02% Sodium Azide) at RT. Slides were dried at RT before incubation with 10 µL of primary antibodies diluted in PBT 0,1% and covered with a coverslip in a humid chamber at 4°C overnight (O/N). After removal of the coverslips, slides were washed 3 times for 10 min in PBST 0,1% at RT. 10 µL of secondary antibody dilution was added to the slides; slides were covered with coverslips in a dark, humid chamber and incubated 3h at 25°C. Slides were washed 3 times for 10min in PBST 0,1% and incubated in 0.5µg.ml -1 Hoechst for 15min at RT. Slides were mounted using 22x22 mm coverslip using 10 µL of mounting medium (1.25%n-Propyl Gallate, 75% glycerol, 25% H20).
Immunofluorescence on whole mount brains:
Mid third-instar larval brains were dissected in PBS and fixed for 30 min at RT in 4% paraformaldehyde diluted in PBS. After fixation, brains were washed and permeabilized 3 times for 10 min in PBST 0,3% (PBS, 0,3% Triton X-100 and 0,02% Sodium Azide). Brains were then incubated in primary antibodies diluted in PBST 0,3%, at 4°C O/N in a humid chamber.
After 3 times 10min washes in PBST 0,3%, brains were incubated in secondary antibodies and DAPI dilution (in PBST 0,3%), either for several hours at 25°C or O/N at 4°C, protected from light into a humid chamber. After 3 washes for 10min in PBST 0,3%, brains were rinsed in PBS and mounted using 12 mm coverslips with 5 µL of mounting medium (1.25%n-Propyl Gallate, 75% glycerol, 25% H20).
Image acquisition and processing:
For live-imaging, images were acquired with 60X oil objective (NA 1.4) on two microscopes: For whole mount brain experiments, images were acquired on a confocal Nikon A1R Ti-E inverted microscope with a 60X (NA 1.4) oil objective. Interval for Z-stack acquisitions was set up with 0.3µm using the NIS Element software.
Computational simulations:
Simulations were performed using Cytosim (www.cytosim.org) [38] .
As cells were mostly spherical during mitosis, we confined the MTs and motors in a circular shape (2D). Centrosomes were modelled as asters nucleating MTs, radially. Initially, centrosomes were randomly placed inside the cell and outside the chromatin plate, corresponding to the experimental situations just after NEBD. MTs were considered as flexible polymers with static minus-ends and dynamic plus-ends that could grow and shrink according to the dynamic instability model. The kinesin motors Ncd were represented as an entity composed of 2 separated binding MT « heads », one static non-motor domain and one motordomain that can move towards the minus-end of the MT [39] . Ncd was shown to bind and slide to anti-parallel MTs and crosslink the parallel ones [40] . Here, as we were only interested in the clustering effect (thus the antiparallel sliding), we constrained Ncd-like entities to only bind to antiparallel MTs that reduced the amount of entities to simulate. Finally, we simulated the metaphase plate as a static obstacle (an area of a defined shape) that MTs could not cross. To simplify the model, we did not consider MT nucleation from the plate neither deformation of the plate by MTs. MTs were excluded from this area and were prevented from sliding on the surface by the presence of plus-end tracking entities (mimicking chromokinesins present on chromosomes or capture by prometaphase kinetochores) similar to simulations from [41] .
Parameters in the simulations were chosen to match the experimental conditions when measurable or from the literature when available (Supplemental Table 2 ). Note that we varied the values of these parameters to check that our numerical conclusions were not greatly affected by this choice. REAGENT 
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